Abstract-In this letter, a three-dimensional packaged half-wave dipole antenna is presented. The design includes a grounded coplanar waveguide (GCPW) balun that is printed on an inclined surface and used to connect the 50-Ω feedline on the lower layer to the dipole on the top layer. For matching purposes, a GCPW quarterwave transformer is incorporated between the 50-Ω feedline and the balun. The 6-GHz half-wave dipole is approximately λ/4 above the ground plane. Fabrication is done using the direct digital manufacturing technique with an acrylonitrile butadiene styrene substrate (relative permittivity of 2.7 and a loss tangent of 0.008) and Dupont CB028 silver paste. The simulated and measured gains are 4.88 and 4.7 dBi, respectively. Antenna substrate surface roughness is analyzed to explain discrepancies between simulation and measurement results.
I. INTRODUCTION
T HE need for compact and efficient antennas has focused significant attention onto design approaches that compromise between physical size and performance. Threedimensional (3-D) antenna design is one of the promising techniques, where having miniaturized, high-efficiency, and largebandwidth antennas are possible [1] - [5] . In [1] , the design of an electrically small 3-D cube antenna is presented, where the antenna consists of a balun and a half-wave dipole with meanderline portions, all of which are patterned on the surface of a cube. Similar designs of cube-shaped dipole antennas are described in [2] - [4] . Furthermore, a spherical helix, meander line, and hybrid antenna fabricated on the top of a glass hemisphere using a conformal printing technique are presented in [5] .
All of the aforementioned designs, except the spherical antenna, are fabricated in a planar manner and then folded to form a 3-D cubic shape with the antennas located on one or more sides of the cube. Postfabrication assembly steps would be a complex manufacturing approach, compared to multilayer printed circuit Manuscript boards (PCBs) for example. Furthermore, the printing of circuitry (matching networks, feedlines, etc.) is possible only on the sides of the cube and not within its volume. Conversely, volumetric designs that are compatible with 3-D printing provide flexibility in forming the substrate shape and printing the conducting traces and antenna elements. For example, a true volumetric design would offer the benefits of multilayer PCB design but with the added capability of running controlled impedance transmission lines in arbitrary directions through the substrate. In this letter, a new volumetric approach to realizing a 3-D half-wave dipole in a packaged format is introduced. Direct digital manufacturing with an nScrypt Tabletop 3Dn printer is used to fabricate a nonplanar 3-D substrate on which the 6-GHz antenna and its feed network are printed in a conformal manner. The presented design provides the ability to keep a signal distribution network in close proximity to the ground plane, facilitating the implementation of ground connections (e.g., for an active device), mitigating potential surface wave losses, as well as achieving a modest (10.6%) length reduction. An analysis of the substrate surface roughness is included to explain its effect on the antenna performance.
II. ANTENNA DESIGN AND FABRICATION
The antenna consists of a 3-D implementation of a half-wave dipole printed on the top layer of a substrate and fed through 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. an inclined grounded coplanar waveguide (GCPW) balun that is matched to the 50Ω feedline using a GCPW quarter-wave transformer, as shown in Fig. 1 . The antenna is shielded using a ground plane that is located ∼λ/4 away from the dipole at the design frequency. Since the transmission line characteristic impedance is a function of distance from the lower ground to the GCPW, the balun presented in [6] has been modified to optimize the GCPW characteristic impedance along the inclined plane. The antenna is designed to operate at 6 GHz using acrylonitrile butadiene styrene (ABS) substrate material (ε r ∼ 2.7 and tan δ ∼ 0.008), with a total size of 24 × 22 × 6.25 mm 3 ; the antenna dimensions are presented in Table I . Four vias connecting the upper and lower grounds of the GCPW line are incorporated to avoid undesired resonances around the design frequency. Simulation data also show that these vias reduce the antenna sensitivity to the surrounding environment. As a final step, the antenna is embedded in ABS to produce the packaged version shown in Fig. 2(a) . Fused deposition modeling (FDM) is used to print the ABS layers, while microdispensing of Dupont CB028 silver thick-film paste (bulk dc conductivity of 1.5 × 10 6 S/m) is used for the conductor deposition. A planar version of the antenna is analyzed to evaluate the advantages of the 3-D design approach. The planar design is fabricated using a conventional copper etching process on a 0.508-mm-thick Rogers 4003C substrate (ε r ∼ 3.38 and tan δ ∼ 0.0027). The substrate is attached to a 4.18-mm-thick grounded ABS layer [see Fig. 2(b) ] in order to provide the required separation between the antenna and the ground plane.
III. EXPERIMENTAL RESULTS
The measured data for the two antenna designs are in good agreement with simulation results obtained using Ansys HFSS. The S 11 of the 3-D antenna, shown in Fig. 3 , shows a 220-MHz frequency shift and a difference in the return loss bandwidth between the simulated and measured data, due to roughness of the ABS substrate (see Section IV). The maximum measured gain is 4.7 dBi as shown Fig. 4(a) , which is 0.18 dB less than the simulated gain. The difference in gain values is also due to the substrate surface roughness, which decreases the effective RF conductivity of the printed silver traces [7] .
The electromagnetic characteristics of the planar structure are similar to the 3-D design. The measured 6-GHz E-plane gain patterns for both antennas are nearly identical as shown in Fig. 4(b) . The measured (5.62 dBi) and simulated (5.89 dBi) peak gains of the planar antenna are higher than those of the 3-D design because of the lower loss tangent of the substrate material and the higher conductivity of the conductors. There is excellent agreement between the measured and simulated S 11 for the planar antenna, with a return loss greater than 20 dB at the design frequency (see Fig. 5 ). As opposed to the 3-D antenna, however, the resonances above and below the center frequency are unstable and very sensitive to the test setup. To this point, one of the important advantages of the 3-D design over the planar design is that the CPW feedline is kept in close proximity to the ground plane, thereby reducing surface wave effects. For example, it was found through simulation that the planar antenna S 11 response is much more sensitive to lateral displacements of the feed and antenna toward the edge of the substrate than is the 3-D design. As shown in Fig. 6(a) , resonances near 4.8 and 7.8 GHz and the center frequency response are strongly affected as the planar antenna approaches the edge of the substrate. Conversely, there is no impact on the resonances and 50% less shift in the center frequency for the 3-D antenna [see Fig. 6(b) ]. The resonances at 4.8 and 7.8 GHz correspond approximately to the frequencies when the substrate width is a multiple of 0.5
. It was also observed through simulation that additional resonances around the center frequency, and a reduction in gain, appear only with the planar design when a 50-Ω transmission line is added between the quarter-wave transformer and the connector; this additional length of line increased the total substrate length to >λ g /2 at band center. These simulation results suggest that the feed network of the planar design leaks more energy into the TM 0 surface wave mode than does the 3-D design, and the resulting resonances are dependent on the dimensions of the substrate and the path of the feed network. These are effects that would complicate the use of the planar antenna in a more complex configuration such as an array. The use of ∼6.0-mm-long vias to connect the CPW to the lower ground in the planar antenna is difficult in practice and ineffective at equalizing ground plane potential.
IV. ANALYSIS OF SURFACE ROUGHNESS EFFECTS
The effect of surface roughness on eddy current losses of transmission lines at microwave frequencies was examined as early as 1949 [8] . Studies of square and triangular surface grooves and scratches reveal that the effective conductor length and resistance increase with frequency, as the skin depth becomes comparable to the groove size. Models such as those of Groiss et al. [9] and Huray et al. [10] - [12] capture this physical phenomenon and provide empirical formulas that describe the surface roughness effect; the surface roughness is assumed to be much smaller than the trace thickness and is described as a sinusoidal wave in the Groiss model and as spheres/nodules in the Huray model. Required model parameters are typically available from material vendors, and the Groiss and Huray models are built into some commercial full-wave simulators (e.g., Ansys HFSS). In the 3-D printing process, the roughness could be represented with a combination of the aforementioned models since the substrate resembles a sinusoidal surface and the silver paste is better represented by spheres due to its particle-like nature [7] . However, while these models may emulate the increase in loss due to roughness, the potential change in phase constant is not addressed. Also, as described below, the surface roughness of 3-D printed substrates can be comparable to or greater than the trace thickness. Recently, the effect of roughness on the loss of a filter printed using the Polyjet technology has been investigated using the Huray model in numerical electromagnetic simulations [13] .
In this letter, the effects of the surface topology are studied using simulations of physical models that are representative of the surface produced by the FDM process. The simulation models are of the type shown in Fig. 7 , which shows a CPW transmission line on a smooth substrate and one on a corrugated surface of the type resulting from an FDM print; the ground planes are removed for clarity. For the simulated models, the signal line width is 600 μm, the signal to ground spacing is 200 μm, and the ground plane width is 1000 μm; these dimensions match those of the quarter-wave transformer in Fig. 1 . The lines are 8 mm in length. Corrugation profiles (see the inset in Fig. 7 ) from r c = 12.5 μm to r c = 100 μm are analyzed, as these represent the typical range of printer settings used for the FDM prints and have been validated with profilometer measurements on fabricated samples. For all simulations, a silver paste thickness of 20 μm is used. The paste roughness is not taken into consideration as it is difficult to control, being a function of factors that include paste thickness, printing speed, temperature, and humidity. The propagation constant β has been extracted from the full-wave simulation results by fitting the data to an ideal transmission line model using Keysight Technologies Advanced Design System software. The propagation constant β normalized to the value for the smooth substrate is shown versus corrugation parameter r c in Fig. 8 . The corrugated line exhibits up to 6% change in β for r c = 100 μm compared to the smooth substrate. The corrugated design also has a significantly larger attenuation constant (see Fig. 9 ) that is consistent with previously stated conclusions in the literature [9] - [12] . The changes in the phase constant due to the rough surface also contribute to differences in the measured and predicted 10-dB return loss bandwidth, as confirmed by independent measurements of a printed antenna on a smooth (r c < 2 μm) substrate.
The results of this simulation study can be used to explain the discrepancies between the simulated and measured data of the 3-D antenna, presented in Section III. A full-wave simulation of the entire 3-D structure that includes the surface roughness profiles would be quite complex and computationally intensive given the varying alignment between the FDM print head direction and the conductive traces and the variations in roughness profile over the full-surface area. Instead, the quarter-wave transformer serves as a representative section to demonstrate the roughness effects. As shown in Fig. 1 , it is aligned orthogonal to the roughness contour as assumed in Fig. 7 , and for the fabricated 3-D antenna, it has a measured corrugation profile of r c = 25 μm. According to Fig. 8 , the relative increase in β is ∼3.0%, which is consistent with the 3.7% frequency shift (220 MHz) shown in Fig. 3 . As well, based on Fig. 9 , the expected loss along the 19.7-mm distance from the input port to the dipole for the smooth substrate is 0.41 dB, while for the corrugated line it is 0.55 dB. Hence, the expected additional loss due to roughness is ∼0.14 dB, which is nearly equal to the difference between the measured and simulated antenna gain. Finally, it is found that there is <10% change in S 21 when changing the orientation of the FDM print (see Fig. 1 ) with respect to the paste direction (e.g., 45°or 0°).
V. CONCLUSION
This letter presents the results on a 3-D printed 6-GHz halfwave dipole antenna. The supporting ABS substrate is manufactured using FDM and provides an inclined surface on which the antenna feed network and balun are deposited using microdispensing of thick-film Ag paste. Line dimensions down to 250 μm are held along the inclined plane, showing the potential for realizing high-frequency 3-D conformal designs using the digital printing technique. The simulations and measurements validate the antenna design procedure, where surface-wave loss reduction and compact size have been achieved. Furthermore, any device prior to the antenna can be easily grounded, due to the close proximity of the feedline to the ground plane. The surface roughness study shows that it is important to consider the roughness effect since it is considered as one of the main factors that explain the discrepancies between the simulation and measurement data.
